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Stroke  in  spontaneously-hypertensive,  stroke-prone  (SHRSP)  rats  is  of  particular  interest  because 
the  pathogenesis  is  believed  to  be  similar  to  that  in  the  clinical  setting.  In  this  study,  we  employed 
multi-modal  MRI — ASL,  DWI,  T2,  GRE,  T,  (pre/post  contrast)— to  investigate  the  natural  history  of 
spontaneous  cerebral  infarction  and  the  specific  role  of  cerebral  perfusion  in  disease  development. 
Twelve  female  SHRSP  rats  (age:  ~1  year)  were  imaged  within  1  to  3  days  of  symptom  onset.  The 
distribution  of  ischemic  lesions  was  the  following:  28.1%  visual,  21.9%  striatal,  18.8%  motorsensory, 
12.5%  thalamic,  12.5%  auditory,  3.1%  frontal/prelimbic,  and  3.1%  multiple  areas.  Ischemic  lesions 
had  significantly  reduced  blood  flow  in  comparison  with  healthy  tissue.  Ischemic  lesions  were 
characterized  by  hyperplastic,  thrombosed,  and  compressed  vessels.  These  findings  suggest  that 
ischemic  lesion  development  is  related  to  hypertension-induced  vascular  remodeling  and  persistent 
hypoperfusion.  This  model  should  be  useful  for  studying  the  relationship  between  chronic 
hypertension  and  subsequent  stroke,  both  in  terms  of  primary  and  secondary  prevention. 
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Introduction 

Spontaneously-hypertensive,  stroke-prone  (SHRSP) 
rats  are  of  particular  interest  because  their  patho¬ 
physiology  is  similar  to  that  of  acute  stroke  patients 
presenting  in  the  clinic.  First  developed  in  1974  by 
Okamoto  et  al  (Okamoto  et  al ,  1974),  SHRSP  rats  are 
a  genetic  model  of  severe  hypertension  with  altera¬ 
tions  in  the  renin-angiotensin  (Hilbert  et  al,  1991; 
Kim  et  al,  1992)  and  endothelin  systems  (Jesmin 
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et  al,  2007;  Savage  and  Jeng,  2002).  These  alterations 
contribute  to  the  spontaneous  development  of 
cerebrovascular  pathology  in  >80%  of  animals,  on 
average,  around  9  months  of  age  (Yamori  et  al,  1976a; 
Yamori  and  Horie,  1977).  Disease  etiology  includes 
cerebral  lesions  (ischemic  or  vasogenic  in  origin), 
hemorrhage,  and  white  matter  rarefaction.  The  brain 
is  not  the  only  organ  affected;  this  particular  strain 
also  develops  associated  kidney,  heart,  and  lung 
disease  (Masineni  et  al,  2005). 

Despite  the  plethora  of  studies  investigating  the 
natural  history  of  stroke  in  SHRSP  rats,  the  precise 
mechanism(s)  of  disease  development  remain  poorly 
understood.  Early  studies  concentrated  on  the  histo- 
pathological  characterization  of  cerebral  lesions  in 
aged  animals  on  a  normal  diet,  reporting  presence 
of  atherosclerotic  plaque,  medial  degeneration,  fibri¬ 
noid  necrosis,  hypertrophy,  and  thrombosis  (Yamori 
et  al,  1976a).  However,  when  fed  a  high-salt  diet, 
disease  development  may  be  accelerated  by  raising 
peripheral  resistance  and  increasing  blood  pressure 
(BP).  This  change  in  diet  takes  advantage  of  the 
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increased  salt-sensitivity  of  the  SHR  and  SHRSP 
strains,  a  direct  result  of  alterations  in  Na  +  /H+ 
exchange  (Orlov  et  al ,  2000)  and  Na  +  /K  +  /2C1“  co- 
transport  (Sonalker  et  al,  2004).  Many  have  em¬ 
ployed  this  method,  feeding  4-  to  6- week-old  SHRSP 
rats  1.0%  NaCl  in  drinking  water,  resulting  in  disease 
development  1  to  2  months  later  (Blezer  et  al,  1998 b; 
Guerrini  et  al,  2002;  Sironi  et  al,  2001).  This  means 
that  cerebral  lesions  are  occurring  as  early  as 
3  months  of  age.  With  this  method,  the  question 
arises  as  to  whether  disease  development  is 
merely  accelerated,  or  whether  the  spontaneous 
development  of  stroke  on  a  normal  diet  occurs  via 
a  completely  separate  mechanism  as  when  fed  a 
high-salt  diet. 

To  date,  two  major  mechanisms  of  disease  devel¬ 
opment  have  been  suggested  (Figure  1).  The  first  (left 
path)  may  be  coined  progressive,  in  which  the 
presence  of  chronic  hypertension  induces  vascular 
remodeling  and  reduced  cerebral  blood  flow  (CBF) 
(Mies  et  al,  1999;  Yamori  et  al,  1976fc;  Yamori 
and  Horie,  1977).  Hypertrophy  (medial  thickening) 
and  eutrophy  (luminal  narrowing)  lead  to  increased 
vascular  resistance  and  wall  sheer  rates.  As  the 
vessels  become  less  functionally  responsive  and 
more  extensively  filled  with  atherosclerotic  plaque, 
there  is  risk  for  vascular  compression  and  thrombi. 
In  this  case,  ischemic  lesion  development  occurs, 
followed  by  subacute  development  of  cerebral  edema 
and  blood-brain  barrier  (BBB)  disruption.  In  con¬ 
trast,  the  second  (right  path)  occurs  more  quickly  and 
is  akin  to  hypertensive  encephalopathy  (Fredriksson 
et  al,  1985;  Smeda  et  al,  1999;  Tamald  et  al,  1984). 
With  an  acute  spike  in  BP,  there  is  loss  of  CBF 
autoregulation  and  increased  CBF.  In  this  case,  BBB 
disruption  occurs,  followed  by  extravasation  of 
serum  proteins  and  significant  vasogenic  edema 
(Blezer  et  al,  1998 b;  Sironi  et  al,  2001,  2004). 


- - 7" - - — - 

HYPERTENSION 


Figure  1  Mechanisms  of  lesion  development  in  SHRSP  rats. 
'Slow’  development  of  disease  occurs  via  vascular  remodeling, 
hypertrophy,  and  hypoperfusion.  In  this  setting,  lesions  develop 
first,  followed  by  BBB  disruption  and  formation  of  edema.  'Fast’ 
development  of  disease  occurs  via  an  acute  spike  in  BFJ  resulting 
in  hyperperfusion.  In  this  setting,  BBB  disruption  and  edema 
occur  first,  followed  by  vascular  compression  and  hypoperfusion. 


In  this  study,  we  employed  multimodal  magnetic 
resonance  imaging  (MRI)  with  continuous  arterial 
spin  labeling  (ASL)  to  investigate  the  natural  history 
of  spontaneous  cerebral  infarction  and  the  specific 
role  of  cerebral  perfusion  in  disease  development  in 
aged  SHRSP  rats.  Histology  and  immunohistochem- 
istry  were  performed  to  validate  MRI  findings.  We 
hypothesize  that  disease  development  is  largely 
ischemic,  related  to  hypertension-induced  vascular 
remodeling  and  impaired  cerebral  perfusion. 

Materials  and  methods 

Animal  Preparation  and  Monitoring 

This  study  was  approved  by  the  institutional  animal  care 
and  use  committee  (IACUC)  of  the  National  Institute  of 
Neurological  Disorders  and  Stroke,  National  Institutes  of 
Health  (IACUC  protocol  no.  1225-05).  At  approximately 
6  months  of  age,  12  female  SHRSP  rats  (bred  from 
rats  donated  by  Masahisa  Kyogoku,  MD,  PhD,  Kyoto- 
University,  Kyoto,  Japan)  were  monitored  on  a  daily  basis 
for  alterations  in  neurological  status  (decreased  sponta¬ 
neous  activity,  mild  incoordination,  falling  to  one  side, 
hunched  posture,  ruffled  fur),  signs  of  inflammation 
(porphyrin  staining  on  one  or  both  eyes),  and  decreased 
body  weight  (>5%  body  weight  loss).  The  animals  were 
provided  free  access  to  standard  rat  chow  and  water. 
Additional  jello  treat  supplements  were  provided  on  a 
daily  basis  on  the  cage  floor. 

After  development  of  stroke  symptoms,  animals  were 
anesthetized  with  isoflurane  (5%  induction,  2.5%  mainte¬ 
nance)  delivered  in  a  2:2:1  mixture  of  breathing-quality  air, 
nitrogen,  and  oxygen.  The  animal’s  head  was  secured  using  a 
stereotactic  frame  equipped  with  ear  and  bite  bars.  Body 
temperature  was  maintained  at  37.0°C±0.5°C  using  an 
electrically  heated  bed  (Rapid  Biomedical  GmbH,  Rimpar, 
Germany).  Heart  rate  and  arterial  oxygen  saturation  (sp02) 
were  continuously  measured  with  a  pulse  oximeter  (Surgivet, 
Waukesha,  WI,  USA)  placed  on  the  right  hind  paw. 


Magnetic  Resonance  Imaging 

Imaging  was  performed  using  a  Bruker  Biospin  7.0T/30  cm 
MRI  system  (Bruker  Biospin,  Billerica,  MA,  USA).  A  three- 
coil  setup  was  employed  for  imaging.  An  in-house, 
transmit-only,  birdcage,  volume  RF  coil  and  a  commercial, 
quadrature  receive-only,  surface  RF  coil  (Rapid  Biomedical 
GmbH,  Rimpar,  Germany)  were  used  for  all  imaging.  An 
additional  in-house  figure-8  labeling  coil  placed  on  the 
animal’s  neck  was  used  for  RF  labeling  of  the  blood  in  both 
common  carotid  arteries.  Diffusion- weighted  echo-planar 
imaging  and  T2-weighted  imaging  were  performed  for 
assessment  of  cytotoxic  and  vasogenic  edema.  Continuous 
ASL  was  performed  for  assessment  of  cerebral  perfusion. 
Gradient-echo  imaging  (GRE)  was  performed  for  identifica¬ 
tion  of  hemorrhage,  ^-weighted  imaging  (7\WI)  was 
performed  pre/post  contrast  agent  administration  (0.2  mL 
gadolinium  (Gd-DTPA  at  0.5mmol/L,  intravenous; 
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principle  directions  (x,  y,  z ),  and  T2  is  the  spin-spin 
relaxation  time.  A  linear  fitting  procedure  based  on 
minimization  of  the  ^-statistic  was  performed  for  extrac¬ 
tion  of  MR  parameters.  Quantitative  CBF  maps  were  gene¬ 
rated  using  the  following  equation  (Silva  and  Kim,  1999): 


CBF  = 


K~MbS 


Tt  Mjjs  +  (2a  -  1)MJ 


(4) 
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Magnevist,  Berlex  Laboratories,  Wayne,  NJ,  USA)  for 
assessment  of  BBB  integrity. 

All  images  were  acquired  using  a  field  of  view  = 
2.56  cm  x  2.56  cm.  For  diffusion-weighted  echo-planar 
imaging:  matrix  size  =  96x96;  slice  thickness  =  1.5  mm, 
number  of  slices  =  12;  TR/TE  =  6200/46  ms;  A  =  13  ms; 
<5  =  4  ms;  6-values  =  0,  250,  500,  750,  1000s/mmz  (acquired 
for  all  three  principle  directions,  x,  y,  z);  four  averages.  For 
ASL:  matrix  size  =  96  x  96;  slice  thickness  =  1.5  mm;  num¬ 
ber  of  slices  =  10;  TR/TE  =  5115/38  ms;  label  =  4183  ms; 
post-label  =  350  ms;  32  averages.  For  T2-weighted  imaging: 
matrix  size  =  128  x  128;  slice  thickness  =  1.5  mm,  number 
of  slices  =  12;  TR  =  2000ms;  8  echoes  (15  ms  -» 120  ms);  1 
average.  For  GRE:  matrix  size  =  256  x  256;  slice  thick¬ 
ness  =1.0  mm,  number  of  slices  =  18;  TR/TE  =  350/12  ms; 
flip  angle  =  30°;  2  averages.  For  TjWI:  matrix 

size  =  256  x  256;  slice  thickness  =  1.5  mm;  number  of 
slices  =  12;  TR/TE  =  245/4  ms;  flip  angle  =  30°;  2  averages. 

Histopathology  and  Immunohistochemistry 

After  final  imaging,  1.0  cc  of  2.0%  (w/v)  Evan's  Blue  (EB) 
(E2129;  Sigma,  St  Louis,  MO,  USA)  was  administered 
intravenously  and  allowed  to  circulate  for  1  to  2  h.  After  an 
overdose  of  anesthesia  (5%  isoflurane),  the  animals  were 
transcardially  perfused  with  0.9%  (w/v)  physiologically 
buffered  saline  for  5  min  and  4.0%  (w/v)  paraformaldehyde 
for  15  min.  Brains  were  extracted  and  placed  in  4% 
paraformaldehyde  for  1  to  2  days  and  then  transferred  to 
20%  sucrose  overnight.  They  were  then  snap  frozen  in 
isopentane  and  stored  at  -73°C.  Serial  16-^m-thick 
sections  were  taken  beginning  at  the  olfactory  bulb  and 
extending  to  the  start  of  the  cerebellum.  For  every  set  of 
10  slides,  the  cryostat  was  advanced  500  /un.  Hematoxylin- 
eosin  staining  was  performed  for  identification  of  lesions 
and  hemorrhages.  Adjacent  sections  were  evaluated  for  EB 
extravasation  and  fluorescence.  Additional  immunohisto- 
chemical  experiments  were  performed  to  assess  the  status 
of  the  vascular/microvascular  endothelium  (Reca-1)  and 
the  extracellular  matrix  (laminin).  Primary  antibodies  were 
obtained  from  Abeam  (Cambridge,  MA,  USA).  Secondary 
antibodies  were  obtained  from  Invitrogen  (Carlsbad,  CA, 
USA).  Briefly,  double  immunofluorescence  was  performed 
for  laminin  (1:200,  abll575)  and  Reca-1  (1:100,  ab22492) 
using  AlexaFluor  488  (1:200,  green)  and  AlexaFluor  546 
(1:100,  red)  conjugated  secondary  antibodies. 

Image  Analysis:  MRI 

Image  analysis  and  parameter  map  production  were  performed 
using  routines  written  in  IDL  (Research  Systems  Inc.,  Boulder, 
CO,  USA).  Apparent  diffusion  coefficient  (ADC)  and  T2 
parameter  maps  were  produced  based  on  the  relationship 
between  the  natural  log  of  the  signal  intensity  and  6-value 
(equation  (1))  or  signal  intensity  and  TE  (equation  (2)): 


M(t)  =  M0e-bADC"* 

(1) 

M(t)  =  M0e-ra/rj 

(2) 

where  M(t)/M0  is  the  signal  intensity  at  a  particular  6-value 
or  TE  value,  ADCwg  is  the  average  ADC  across  the  three 


where  X  is  the  brain/blood  partition  coefficient  (0.9mL/g);  T, 
is  the  longitudinal  relaxation  time  of  the  brain  water  magneti¬ 
zation  in  the  absence  of  perfusion  and  cross-relaxation 
(1.75  s),  Ml  is  the  equilibrium  signal  intensity,  M$s  is  the 
brain  water  signal  intensity  from  the  labeled  image,  and  a  is 
the  labeling  efficiency  (0.59).  Tldiff  maps  were  generated 
based  on  the  comparison  of  TjWI  pre/post  contrast: 

Tim  =  T~-  X 100  (5) 

*  lpre 

where  Tlpre  is  the  7^ -weighted  image  pre-contrast  and 
Tipo*  is  the  ^-weighted  image  post-contrast. 

Volumes  of  interest  were  drawn  using  MIPAV  (Biomedical 
Imaging  Research  Services  Section,  National  Institutes  of 
Health,  Bethesda,  MD,  USA).  Individual  volumes  of 
interests  were  drawn  for  ischemic  lesion,  the  comparable 
contralateral  region,  and  areas  of  white  matter  disease 
(WMD)  on  T2,  ADC,  and  CBF  parameter  maps.  The  presence 
of  hemorrhage  was  identified  on  GRE  images.  Additional 
volumes  of  interests  were  drawn  for  regions  with  enhance¬ 
ment  on  T^WI  after  contrast. 


For  hematoxylin-eosin  staining  and  EB  fluorescence, 
photos  were  taken  using  an  Axioplan  light  microscope 
(Carl  Zeiss  Microimaging  GmbH,  Berlin,  Germany)  at  x  5, 
x  10,  x  20,  and  x  40  magnification  in  regions  positive 
for  lesions,  hemorrhage,  or  BBB  disruption  on  MRI. 
Additional  photos  were  taken  in  the  equivalent  contra¬ 
lateral  control  region.  For  double  immunofluorescence, 
photos  were  taken  at  x  20  and  x  40  for  the  same  locations 
as  for  hematoxylin-eosin  and  EB  fluorescence. 

For  an  in-depth  characterization  of  vessel  pathology, 
photos  were  taken  at  x  20  magnification  in  regions 
positive  for  lesions  on  hematoxylin-eosin.  Additional 
photos  were  taken  in  12  locations  distributed  along  the 
cortex  (n  =  8)  and  in  the  striatum  (n  =  4).  Individual  vessels 
were  counted  and  scored  as  healthy  or  abnormal  using 
ImageJ  software  (NIH,  Bethesda,  MD,  USA).  Vessels  were 
considered  abnormal  if  they  showed  gross  morphological 
changes,  hypertrophy,  and/or  thrombosis.  The  percentage 
of  hypertrophied  and/or  thrombosed  vessels  was  calcu¬ 
lated  for  both  healthy  tissue  and  lesion. 


Values  are  expressed  as  mean  (s.d.).  Normality  was  tested 
using  the  Shapiro-Wilk  and  Kolmogorov-Smirnov  tests. 


Image  Analysis:  Histopathology  and 
Immunohistochemistry 


Statistics 
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All  lesion  analyses  were  performed  using  one-way  analysis 
of  variance  and  post  hoc  Tukey  tests.  Differences  in  CBF, 
T2,  and  ADC  were  investigated  for  lesion  versus  healthy 
tissue  and  lesion  versus  whole  brain  data.  An  adjusted 
P-value  of  0.025  was  considered  statistically  significant. 
Additional  comparisons  were  drawn  between  WMD  and 
whole-brain  data.  A  P-value  of  0.05  was  considered 
statistically  significant.  All  BBB  analyses  were  performed 
using  Kruskal-Wallis  and  post  hoc  testing  using  Mann- 
Whitney  tests.  Differences  in  rtdiff  were  investigated  for 
Gd-enhancing  lesions  versus  healthy  tissue  and  Gd- 
enhancing  CSF.  An  adjusted  P-value  of  0.017  was  con¬ 
sidered  statistically  significant. 


Results 

Ten  out  of  12  (83%)  animals  were  MRI-positive  for 
ischemic  lesions.  The  remaining  two  were  MRI- 
negative,  but  had  to  be  euthanized  due  to  cardiac  and 
respiratory  distress.  The  average  age  of  symptom 
onset  was  450  (50)  days,  or  1.2  (0.1)  years  (Table  1). 
Animals  had  an  average  of  3  (1)  lesions,  with  a 
volume  of  10  mm3  (10)  (range  2-57).  Eight  out  of  10 
(80%)  animals  had  additional  WMD,  with  an  average 
volume  of  110  mm3  (70)  (range  22-215).  All  lesion¬ 
positive  animals  had  hemorrhage  present  on  GRE, 
the  majority  unrelated  to  the  site  of  lesion  develop¬ 
ment.  Animals  presented  with  a  variety  of  neurolo¬ 
gical  changes,  which  typically  matched  the  lesion's 
location.  All  animals  showed  a  rough  coat  or  ruffled 
fur.  Animals  with  striatal  lesions  had  additional 
lethargy.  Animals  with  visual  lesions  showed  mild 
incoordination.  Animals  with  thalamic  lesions 
showed  no  interest  in  the  food.  Animals  that  were 
lesion-negative  also  showed  a  rough  coat  or  ruffled 
fur,  but  otherwise  appeared  healthy  with  a  normal 
CNS. 

Individual  lesions  were  distributed  across  frontal/ 
prelimbic  (3.1%),  motorsensory  (18.8%),  striatal 


(21.9%),  visual  (28.1%),  auditory  (12.5%),  and 
thalamic  (12.5%)  regions  (Figure  2A).  The  remaining 
3.1%  of  lesions  covered  multiple  categories.  The 
most  commonly  affected  arterial  distribution  was  the 
middle  cerebral  artery,  occurring  in  50%  of  cases 
(Figure  2B).  The  posterior  cerebral  and  anterior 
cerebral  arteries  were  affected  to  a  lesser  extent, 
occurring  in  28%  and  6%  of  cases,  respectively.  The 
remaining  cases  (16%)  covered  multiple  territories. 

Lesions  appeared  hyperintense  on  T2  (arrows) 
and  ADC  (not  shown),  and  hypointense  on  ASL 
(dotted  outline)  (Figure  3).  Lesion  Tz  values  (71ms 
(6),  +25%)  and  ADC  values  (1.1  x  10_3mm2/s  (0.2), 
+  43%)  were  significantly  elevated  (P<0.01).  Ac¬ 
companying  these  changes  was  a  significant  reduc¬ 
tion  in  CBF  (70mL/100g/min  (30))  when  compared 
with  that  of  healthy  tissue  (HOmL/lOOg/min  (40), 
P<0.01)  and  whole  brain  (120mL/100g/min  (30), 
PcO.Ol).  Animals  that  were  lesion-negative  had 
normal  CBF  (156mL/100g/min).  Their  T2  values 
(55  ms)  and  ADC  values  (0.77  x  10“3mm2/s)  were 
also  normal. 

Bilateral  WMD  was  present  in  75%  of  WMD- 
positive  animals.  The  remaining  25%  had  WMD 
confined  to  a  single  hemisphere.  Similar  to  findings 
for  individual  lesions,  WMD  appeared  hyperintense 
on  T2  and  ADC,  and  hypointense  on  ASL.  WMD  T2 
values  (82  ms  (5))  and  ADC  values  (1.4  x  10_3mm2/s 
(0.1))  were  significantly  elevated  when  compared 
with  that  of  healthy  tissue  (P<0.01).  CBF  values 
were  significantly  reduced  (50mL/100g/ 
minute  (30))  when  compared  with  that  of  healthy 
tissue  (PcO.Ol). 

A  large  proportion  of  lesions  (62.5%)  were  coin¬ 
cident  with  BBB  disruption — these  regions  appeared 
hyperintense  (arrows)  on  Tldif[  (Figure  3,  bottom 
row).  The  average  signal  intensity  increase  was  20% 
(9)  (range  7-36),  significantly  higher  than  the  5%  (4) 
in  healthy  tissue  (PcO.Ol).  In  a  subset  of  animals, 
additional  enhancement  was  observed  in  the  CSF 


Table  1  SHRSP  animal  characteristics  and  cerebrovascular  events 


Animal 

number 

DOB 

DOE 

Neurological  status 

Details 

Imaging 

No.  of  lesions 

WMD 

1—24 

09/27/2005 

10/30/2006 

1,  3,  4 

11/02/2006 

5 

Y 

2-25 

10/20/2005 

11/02/2006 

1,  2 

11/02/2006 

1 

N 

3-26 

09/24/2005 

11/07/2006 

1,  4,  6 

11/09/2006 

4 

Y 

4-27 

09/24/2005 

11/07/2006 

1,  4,  6 

11/09/2006 

4 

Y 

5-29 

09/30/2005 

11/30/2006 

1,  3  facial  muscle  fasciculations  no  interest  in  food 

12/01/2006 

4 

Y 

6-32 

09/23/2005 

01/15/2007 

1 

01/18/2007 

3 

Y 

7-33 

10/11/2005 

01/17/2007 

1,  2 

01/18/2007 

5 

Y 

8-34 

09/23/2005 

01/20/2007 

1,  2 

01/20/2007 

2 

Y 

9-37 

09/23/2005 

02/20/2007 

1 

02/23/2007 

2 

Y 

10-38 

09/23/2005 

02/20/2007 

1,  5,  6 

02/23/2007 

2 

N 

11-35 

09/23/2005 

NA 

1  cardiac/respiratory  distress 

03/08/2007 

0 

N 

12-36 

09/23/2005 

NA 

1  cardiac/respiratory  distress 

03/08/2007 

0 

N 

DOE,  date  of  event;  NA,  not  applicable;  SHRSP,  spontaneously-hypertensive,  stroke-prone;  WMD,  white  matter  disease. 
al  =  rough  coat;  2  =  lethargy;  3  =  hunched  posture;  4  =  mild  incoordination;  5  =  falling  to  one  side;  6  =  porphyrin +  . 
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Anatomical  Categorization 
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Vascular  Territory 

Figure  2  Categorical  and  vascular  distribution  of  lesions  in 
SHRSP  rats.  Individual  lesions  were  distributed  across  frontal/ 
prelimbic  (3.1%),  motorsensory  (18.8%),  striatal  (21.9%), 
visual  (28.1%),  auditory  (12.5%),  and  thalamic  (12.5%) 
regions.  The  remaining  3.1%  of  lesions  covered  multiple 
categories.  The  most  commonly  affected  arterial  distribution 
was  the  middle  cerebral  artery,  occurring  in  50%  of  cases.  ACA, 
anterior  cerebral  artery;  MCA,  middle  cerebral  artery;  PCA, 
posterior  cerebral  artery. 

space,  more  prominent  in  the  lateral  ventricles  than 
that  of  the  third  and  fourth  ventricles.  The  average 
signal  intensity  increase  was  20%  (10)  (range  11-36), 
comparable  to  that  of  Gd-enhancing  lesions 
(P=  0.268). 

For  lesioned  areas  we  observed  the  presence  of 
thrombi  and/or  compressed  vessels  (Figure  4).  Lesions 
on  hematoxylin-eosin  had  a  spongy  appearance,  with 
tissue  rarefaction  and  vacuolization,  indicating  the 
presence  of  vasogenic  edema.  More  than  half  of 
the  vessels  (56.1%)  appeared  hyperplastic,  some  with 
additional  thrombosis  (Figure  4,  top  row,  asterisks) 
and  diapedesis  of  blood.  Affected  vessels  were  100  to 
250 /an  in  diameter  (average  150 /an  (40)).  This  is  in 
comparison  to  the  3.1%  of  hyperplastic  vessels  in 
healthy  tissue  of  the  same  animal.  EB  extravasation 
was  limited  to  the  immediate  area  surrounding  the 


thrombosed  vessel.  The  remainder  of  the  lesion 
was  EB-negative  with  an  intact  BBB.  Other  vessels 
were  significantly  compressed  (Figure  4,  bottom 
row,  arrows).  EB  extravasation  was  present,  evi¬ 
dent  by  neuronal  uptake  throughout  portions  of  the 
lesion.  This  lesion  was  EB-positive  with  a  disrup¬ 
ted  BBB. 

In  areas  with  disrupted  BBB,  loss  of  Reca-1/ 
laminin  staining  was  observed  when  compared  with 
healthy  contralateral  regions  (Figure  5).  For  healthy 
parenchyma  (Figure  5,  top  row),  the  endothelium 
and  extracellular  matrix  were  continuous,  with  a 
normal  morphological  appearance.  Both  Reca-1  and 
laminin  staining  were  intense.  For  the  striatal  lesion 
that  had  no  evidence  of  BBB  disruption  on  Tldiff, 
there  was  a  complete  loss  of  laminin  staining. 
However,  Reca-1  staining  remained  intact  and  was 
at  the  same  intensity  as  that  in  healthy  parenchyma. 
For  the  thalamic  lesion  that  had  evidence  of  BBB 
breakdown  on  Tldiff,  there  was  loss  of  both  Reca-1 
and  laminin  staining. 


Hypertension  is  the  leading  modifiable  risk  factor  for 
ischemic  stroke,  both  clinically  (Bogousslavsky  et  al , 
1988;  Sacco  et  al ,  1997)  and  experimentally  (Barone 
et  al,  1992).  In  SHRSP  rats,  hypertension  begins  to 
develop  around  1  to  2  months  of  age  and  becomes 
malignant  (arterial  BP  >200mmHg)  by  4  to  6  months 
(Yamori  et  al,  1976a).  There  are  dramatic  changes  in 
the  vascular  tree,  with  dysfunction  likely  occurring 
prior  to  development  of  overt  neurological  symptoms 
or  evidence  of  disease  on  MRI.  This  dysfunction 
begins  on  a  biochemical  level,  with  intrinsic  abnorm¬ 
alities  in  Na+  handling  and  ion  transport  in  the  kidney 
(Graf  et  al,  1993).  Secondary  to  changes  in  the  kidney 
are  changes  in  the  mechanics  and  functionality  of  the 
arterial  vessels  supplying  the  brain,  particularly  in 
terms  of  myogenic  tone  and  vascular  compliance 
(Ibrahim  et  al,  2006;  Legrand  et  al,  1993).  SHRSP  have 
less  collateralization  and  the  medial/lumen  ratio  is 
significantly  decreased  in  comparison  to  their  normo- 
tensive  counterparts  (Coyle,  1987;  Coyle  and  Heistad, 
1991).  With  age  the  vessels  ultimately  become  less 
responsive  to  stress  and  more  vulnerable  to  permanent 
irreversible  damage.  Dysfunction  of  the  vascular  tree 
is  exacerbated,  increasing  the  risk  of  chronic  hypo¬ 
perfusion  and  subsequent  stroke. 

In  this  study,  we  observed  a  consistent  and  signif¬ 
icant  decrease  in  CBF  after  spontaneous  stroke  in 
aged  SHRSP  rats  on  a  standard  diet  (no  supplemental 
salt).  All  lesions  had  reduced  CBF  in  comparison  to 
healthy  tissue  and  were  characterized  by  hyperplas¬ 
tic,  thrombosed,  and  compressed  vessels/microves¬ 
sels.  These  findings  suggest  ischemic  lesion 
development  and  support  the  theory  of  slow  disease 
progression  as  the  mechanism  of  injury.  Although  we 
cannot  rule  out  the  possibility  of  lesion  development 
occurring  as  a  result  of  an  acute  event  such  as  a  spike 
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Figure  3  MRI  lesion  distribution  and  characteristics  in  SHRSP  rats.  Lesions  appeared  hyperintense  (arrows)  on  T2  and  hypointense 
on  ASL  (red  outline)  in  contrast  to  healthy  tissue.  Lesions  had  significantly  reduced  CBF  values  when  compared  with  those  in  healthy 
tissue.  Lesions  coincident  with  BBB  disruption  appeared  hyperintense  (arrows)  on  7"idiff.  Lesions  with  an  intact  BBB  showed  no 
evidence  of  enhancement  (asterisks). 


Figure  4  Histopathological  evaluation  of  vascular  remodeling.  Hematoxylin-eosin  (left)  and  EB  (right)  provide  evidence  of 
hypertension-induced  vascular  remodeling  present  in  aged  SHRSP  rats  with  spontaneous  stroke.  In  MRI-confirmed  stroke  regions, 
vessels  were  clotted  (asterisks),  compressed  (arrows),  and  hypertrophied  (asterisks).  Regions  with  BBB  disruption  on  MRI  were  well- 
correlated  with  the  extravasation  of  EB.  Scale  bar=  100  fim  (top  images,  x  20)  and  50  /xm  (bottom  images,  x  40). 


in  BP,  or  perhaps  a  combination  of  both  ischemia  and 
loss  of  CBF  autoregulation,  our  results  are  compar¬ 
able  to  previous  reports  in  SHRSP  using  autoradiog¬ 
raphy  (Katayama  et  al ,  1997:  Mies  et  ai,  1999)  or  the 


hydrogen  clearance  method  (Yamori  and  Horie, 
1977).  In  lesion  areas  we  observed  an  approximate 
40%  reduction  in  flow.  This  may  indicate  that 
some  lesions  have  had  spontaneous  but  incomplete 
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Figure  5  immunofluorescence  of  BBB  disruption.  Laminin  and  Reca-1  double  immunofluorescence  was  performed  for  assessment 
of  the  extracellular  matrix  (laminin,  green)  and  endothelium  (Reca-1,  red).  Healthy  tissue  had  intact  ECM  and  endothelium  in  the 
parenchyma.  These  areas  were  Tidiff-negative.  The  affected  regions  showed  loss  of  laminin  staining  and/or  loss  of  Reca-1  staining. 
Images  =  x  40.  Those  with  loss  of  both  laminin  and  Reca-1  staining  were  TidifrPOsitive. 


reperfusion.  It  may  also  indicate  that  this  flow 
reduction  is  not  at  the  level  related  to  cytotoxic 
edema,  which  would  be  observable  as  an  ADC 
decline  (Moseley  et  al,  1990).  However,  a  persistence 
of  a  mild-to-moderate  flow  reduction  would  result  in 
permanent  damage  in  a  delayed  manner  (Hossmann, 
1994).  Interestingly,  a  few  animals  had  reduced 
perfusion  not  only  in  the  lesion  but  also  across  the 
entire  brain.  In  healthy  tissue,  our  flow  measure¬ 
ments  were  comparable  to  that  in  both  SHR  (Danker 
and  Duong,  2007;  Wei  et  al ,  1992)  and  disease¬ 
negative  SHRSP  (Mies  et  al ,  1999).  No  increase  in 
CBF  was  observed  in  our  study. 

Our  findings  are  in  dramatic  contrast  to  prior 
work  employing  young  SHRSP  rats  on  a  high-salt 
diet  (Blezer  et  al,  1998a;  Guerrini  et  al,  2002;  Smeda 
et  al,  1999).  In  these  studies,  SHRSP  rats  develop 
lesions  4  to  6  weeks  after  the  start  of  salt-loading. 
During  this  4-  to  6-week  time  frame,  their  BP 
increases  dramatically  from  around  160-180  mm  Hg 
to  greater  than  220mmHg,  beyond  the  limit  of  CBF 
autoregulation.  Observations  have  been  made  sug¬ 
gesting  that  lesion  development  is  edematous  in 
nature,  on  the  basis  of  an  increase  in  CBF  prior  to 
lesion  development  and  persisting  long  afterwards 
(Smeda  et  al,  1999).  One  possible  explanation  for 
the  difference  is  salt  loading  and  its  effect  on  the 
kidney.  As  the  kidney  is  the  major  system  main¬ 
taining  ion  homeostasis  and  BP,  overloading  the 
SHRSP  system  with  Na+  induces  a  dramatic  loss  in 
osmotic  balance,  a  significant  increase  in  BP,  and 
subsequent  hyperperfusion  (Mori  et  al,  2008).  Mas¬ 
sive  influx  of  water  leads  to  swelling  and  global 
rather  than  focal  edema,  with  tissue  damage  second¬ 
ary  to  BBB  disruption. 


Additional  support  for  the  ischemic  pathway  is 
our  observance  of  individual  lesions  in  focal  anatom¬ 
ical  areas  limited  to  specific  vascular  territories, 
namely  the  middle  cerebral  artery,  posterior  cerebral 
artery,  and  anterior  cerebral  artery.  Similar  to  the 
clinical  setting,  the  highest  frequency  of  lesions 
occurred  in  the  middle  cerebral  artery  territory 
(Bogousslavsky  et  al,  1988).  Lesions  predominantly 
occurred  in  the  motorsensory,  striatal,  and  visual 
regions,  and  to  a  lesser  extent  in  the  thalamic  and 
auditory  regions.  On  the  basis  of  the  diameter  of 
affected  vessels,  lesion  size  and  distribution,  and 
neurological  symptoms,  it  is  likely  that  stroke 
progression  in  SHRSP  is  a  combination  of  small- 
artery  and  large-artery  disease.  Again,  these  findings 
are  in  contrast  to  SHRSP  rats  on  a  high-salt  diet. 
SHRSP  rats  on  a  high-salt  diet  found  positive  for 
disease  have  a  preponderance  of  lesions  located  in 
the  striatum,  with  extensive  WMD  and  brain  swel¬ 
ling  (Guerrini  et  al,  2002;  Sironi  et  al,  2004).  In  many 
cases  the  appearance  of  the  lesions  on  MRI  is 
somewhat  diffuse  and  non-specific.  Histologically 
these  lesions  had  significant  neuronal  loss,  astrocytic 
prominence,  and  extensive  deposition  of  fibrinoid- 
eosinophilic  material  in  the  neuropil.  In  our  study, 
spontaneous  lesions  had  the  same  histological 
characteristics  as  lesions  from  mechanical  induction 
of  stroke  (Guerrini  et  al,  2002).  Deposition  of 
fibrinoid-eosinophilic  material  was  not  observed. 

Another  interesting  finding  in  our  study  was  the 
greater  extent  of  BBB  disruption  observed  in  compar¬ 
ison  with  previous  work  using  SHRSP  rats  (Lee  et  al, 
2007;  Sironi  et  al,  2004).  BBB  disruption  evident  on 
T’idiff  was  coincident  with  62.5%  of  lesions  and 
generally  affected  the  entire  lesion  volume.  The 
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affected  areas  had  disruption  of  both  extracellular 
matrix  and  endothelium,  most  likely  related  to 
matrix  metalloproteinase  upregulation  after  stroke 
(Fukuda  et  al,  2004;  Rosenberg  et  al,  1998).  Those 
areas  that  were  BBB-negative  according  to  Tldiff  did 
show  disruption  of  the  extracellular  matrix,  but  a 
relatively  normal-appearing  endothelium.  In  these 
cases,  it  is  likely  that  the  BBB  is  leaky,  but  perhaps 
not  leaky  to  Gd  contrast.  Gd-DTPA  has  a  molecular 
weight  of  590  Da  and  does  not  readily  cross  the  intact 
BBB.  It  is  possible  and  very  likely  that  the  BBB  would 
be  leaky  to  molecules  and  proteins  of  lower  mole¬ 
cular  weight,  so  we  cannot  conclude  that  the  BBB  is 
intact  when  the  post-contrast  Tt  appears  negative. 

It  is  important  to  note  that  we  imaged  at  a  single 
time  point  after  development  of  neurological 
symptoms.  Given  the  difficulty  in  ‘catching'  the 
occurrence  of  lesions  in  the  acute  rather  than 
subacute-to-chronic  phase  of  stroke,  it  is  not  surpris¬ 
ing  that  we  were  unable  to  observe  the  ADC  decline 
associated  with  cytotoxic  edema.  Another  possibility 
for  not  observing  the  ADC  decline  and  observing 
rather  a  normal  or  increased  ADC,  is  spontaneous 
reperfusion.  In  patients,  spontaneous  recanalization 
and  reperfusion  occurs  in  up  to  50%  of  cases 
within  24  h  of  stroke  onset  (Kassem-Moussa  and 
Graffagnino,  2002;  Merino  et  al,  2008).  We  imaged 
within  1  to  3  days  of  symptom  onset  based  on  the 
availability  of  MRI,  so  partial  reperfusion  of  the 
affected  territory  is  a  feasible  explanation.  Although 
difficult  and  time  consuming,  longitudinal  imaging 
studies  of  SHRSP  rats,  before  and  throughout  disease 
progression,  should  help  refine  our  understanding  of 
the  natural  history  of  stroke  in  this  model.  Simulta¬ 
neous  BP  measurements  will  be  integral  in  determin¬ 
ing  the  association  (if  any)  between  BP  changes  and 
lesion  development. 

Our  observations  and  conclusions  are  limited 
to  stroke  progression  in  aged,  female  SHRSP  rats. 
Unfortunately  aged  male  SHRSP  rats  were  not 
available  at  the  inception  of  our  study  due  to  a  gap 
in  breeding  cycles.  We  have  recently  observed  a 
similar  incidence  and  distribution  of  lesion  develop¬ 
ment  in  aged  male  SHRSP  rats,  although  at  a  much 
younger  age  (~9  months)  than  the  female  rats 
presented  here  (over  1  year).  This  is  supported  by 
recent  work  using  SHRSP  rats  confirming  gender- 
related  differences  in  myogenic  tone  and  endothelial 
dysfunction,  and  increased  susceptibility  to  stroke  in 
males  versus  females  (Ibrahim  et  al,  2006;  Masineni 
et  al,  2005). 

We  should  also  note  that  although  the  pattern  of 
lesion  development  in  SHRSP  rats  in  our  study  is 
similar  to  that  in  acute  stroke  patients  reporting  at 
the  clinic,  we  observed  stroke  in  10  out  of  12  (83%) 
animals.  This  is  dramatically  higher  than  the 
prevalence  of  stroke  in  humans.  One  major  differ¬ 
ence  is  that  the  SHRSP  rat  is  a  genetic  model  of 
hypertension,  with  100%  incidence  of  high  BP  in 
young  adults.  In  contrast,  humans  have  a  31.3% 
incidence  of  natural  hypertension  (age-adjusted). 


More  than  half  of  humans  develop  high  BP  at  ages 
45  and  over,  not  as  young  adults.  Another  difference 
is  that  the  majority  of  SHRSP  rats  develop  associated 
heart,  lung,  and  kidney  disease;  and  those  animals 
that  do  not  develop  stroke  die  of  complications 
related  to  end-organ  damage.  While  cardiovascular 
and  renal  diseases  are  common  in  acute  stroke 
patients  reporting  at  the  clinic,  they  occur  at  a  much 
higher  rate  in  SHRSP  rats.  Additional  study  of  other 
affected  organ  systems,  such  as  heart,  kidney,  and 
lungs,  in  SHRSP  animals  should  help  to  understand 
the  nuances  in  the  mechanism(s)  of  hypertensive 
pathology  and  the  link  to  stroke  development. 

In  summary,  the  findings  of  our  study  suggest  that 
lesion  development  in  SHRSP  rats  is  ischemic  in 
nature  and  is  related  to  both  hypertension-induced 
vascular  remodeling  and  persistent  hypoperfusion. 
This  model  should  be  useful  for  studying  the 
relationship  between  chronic  hypertension  and 
BBB  dysfunction  in  stroke,  both  in  terms  of  primary 
and  secondary  prevention.  A  high  proportion  of 
acute  stroke  patients  coming  into  the  emergency 
room  have  been  taking  a  variety  of  medications  for 
hypertension  (e.g.,  ACE  inhibitors),  high  cholesterol 
(e.g.,  statins)  heart  disease  (e.g.,  blood  thinners), 
and  so  on.  Future  study  should,  therefore,  include 
analyzing  the  effects  of  therapeutic  intervention  at 
the  onset  of  hypertension  versus  late-stage  disease. 
This  will  allow  us  to  determine  whether  the  disease 
process  can  be  reversed  with  delayed  intervention 
and  thereby  reduce  the  prevalence  of  stroke. 
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